Five male subjects were exposed to root-mean-square whole-body vibration (WBV) acceleration levels ranging from 0.011m/s 2 to 0.615m/s 2 while seated on a vibration simulator. During the WBV exposure, subjects adopted 5 unsupported trunk flexion/extension positions (15, 10, 0, -10 and -15, ±2.5 degrees from vertical), and 4 hip flexion positions (-10, 0, 10, and 20 degrees from the horizontal). WBV measurements were taken with a tri-axial accelerometer at the buttock/seat interface and the head. Hydrostatic weighing was also conducted to determine the subject's adipose content. Adipose content of the individual had no significant relationship with the seat-to-head transmission of vibration. Vibration exposures at 4Hz had significantly more transmission than vibration exposures at 6.3Hz. Vibration exposures in the Zaxis (vertical) had significantly more vibration transmission than vibration exposures in the X-(front-to-back) and Y-axes (left-to-right). A significant interaction was also found between trunk position, frequency and axis of exposure.
deformations are very small in comparison with the deformations of vertebral discs, ligaments and muscles [1 1] .
Since the human body displays anisotropic properties, that is, the body displays different mechanical properties in response to different load orientations; one would expect different postures to affect the seat-to-head transmission of vibration. Vibration is more readily transmitted through a rigid structure therefore postures that increase the rigidity or stability of the spine should transmit vibration through the spine more readily.
It has been found through epidemiological studies that exposure to WBV combined with poor posture increases the risk of lower back disorders [12] . Research has also found that having a bent or twisted trunk while exposed to WBV increased the risk of low back and neck problems [5, 6, 13, 32, 35, 38] . Thus, a bent or twisted posture when combined with vibration is associated with higher incidences of LBP and neck pain.
Differences in the angle of the pelvis, the spinal curvature, and muscle tension may be partially responsible for the differences in the transmission of vibration to the lumbar region [27] . Flexed hip and decreased lumbar lordosis increase the intervertebral disc pressure and muscle activity, and transmit vibration through the spine more readily. Thus the way a person sits in a seat can affect the amount of vibration reaching the upper part of the body [ 15, 27] . The notion of posture influencing the transmission of vibration is supported by the studies of Kitazaki and Griffin [22] , Lundstrom and Holmlund [23] , Lundstrom et al. [24] , Pope et al. [30] , Seidel et al. [34] , Wilder et al. [39] , Zimmerman and Cook [40] , and Zimmerman et al. [41] . These authors have reported changes in transmissibility and attenuation peaks as well as frequency shifts for transmissibility peaks with changes in posture.
Another factor which may effect the transmission of vibration is the amount and distribution of adipose tissue throughout the body. Adipose tissue has the potential to absorb and dampen vibration, much like the foam padding in anti-vibration gloves. It is therefore reasonable to assume that the amount of adipose tissue an individual has as well as where that adipose tissue is distributed may have an effect on the transmission of vibration through the body. It was found by Jack [19] , that the amount of adipose tissue in the distal upper extremity was correlated to the amount of vibration transmitted through the hand (while wearing anti-vibration gloves). More specifically, as the amount of adipose tissue in the distal upper extremity increased the amount of vibration transmitted through the hand decreased.
It has been shown that various pelvic, trunk and leg positions can influence the seat-to-head transmission of vibration. However, the combination of trunk and leg positions has yet to be looked at with respect to vibration transmission. The current study examined the effects of different seated postures on transmissibility, and the relationship of adipose tissue content with the seat-to-head transmission of vibration. The postures of interest included two angles of a flexed and extended trunk, a neutral trunk, two angles of hip flexion, a hip extension, a neutral hip, and all combinations of the aforementioned postures. It was hypothesised that transmissibility and muscle activity would increase with the flexed hip and trunk postures.
METHODS 2.1 Subjects
A total of 5 male university students with less than 5 years of steady employment in a job that exposed them to vibration, and no prior history of neck and low back pain volunteered for the study (to minimise any improved physiological tolerances to vibration with exposure, [5] ). Table I reports subject characteristics and vibration exposure histories. All subjects read and signed an informed consent form. 
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Preliminary Calibrations
Preliminary measurements were taken with the vibration analysis equipment (a PCB Piezotronics 356B08 Triaxial accelerometer and a PCB Piezotronics 356B40 seat pad accelerometer which were coupled to a Speedwave Lite vibration detection computer (manufactured by TLC Software located in Bryanston, South Africa) with Larson Davis CBL 122 coaxial cables) to determine signal bias and noise. Initial static measurements were performed with the vibration analysis equipment to determine the signal bias. This bias was removed from the signal with the Transcap 32 software package (manufactured by TLC Software located in Bryanston, South Africa). Next, a series of measurements were taken with each accelerometer (5 measurements per accelerometer) and the PCB Piezotronics 394B06 calibrator. A one-way AVOVA was used to determine if there were any significant differences between the root-mean-square (RMS) acceleration measurements of the two accelerometers for the one-third octave centre frequencies between 3.15Hz and 20Hz (no significant differences were found). The signal to noise ratio was then determined with measurements taken with each accelerometer static and vibrated with the PCB Piezotronics 394B06 calibrator. The signal was found to be in the order of 40 times greater than the noise. Seat pan measurements depend on a driver's dynamics, especially his/her weight and seat adjustments [12] . Care was taken to ensure that each subject was exposed to the same acceleration levels during testing. A series of measurements were conducted to determine if the vibration exposure apparatus provided a consistent signal when loaded with different weights. Five RMS acceleration measurements were taken with the vibration simulator loaded with 56.7kg, 68.0kg, 79.4kg, 90.7kg, and 102.1kg. A one-way ANOVA was conducted to determine if there were any significant differences between the RMS acceleration measurements of the vibration simulator (no significant differences were found).
Testing Procedure
All subjects underwent the following testing protocol which was approved by the Laurentian University Ethics Board. Initially, anthropometric measurements of the subject (height, weight, age, body fat percentage from hydrostatic weighing and girth measurements), and information about the subject's health status (back pain and spinal disorders, the presence of which would result in the subject being excluded from the study) and vibration exposure experiences (years of exposure and daily exposure amounts) were acquired.
Subjects sat on the vibration simulator ( Figure 1 ) and were simultaneously exposed to RMS vibration levels from 0.011m/s2 to 0.615m/s2 (Table II) over the entire frequency spectrum produced by the vibration simulator in all three basicentric axes ( Figure 2 ) for a total duration of ten minutes. This type of exposure was applied in order to simulate real world vibration exposures. Vibration levels produced by the vibration simulator are within the range reported during operation of excavators, graders, compactors, ride-on power trowels, mobile cranes, and highway transport trucks [8, 9] . Vibration simulator and custom goniometer. Subjects sat on a wooden platform mounted on a seat frame which was oscillated by a 90V motor. The goniometer consists of a metallic arm which turned a 10K linear potentiometer to produce different voltage outputs. The output voltages were read by the Scope 32 data acquisition software, which produced a real time display of the trunk angles. All measurements were taken between 8 AM and 9 AM, and Latin Square counterbalancing (with random condition assignment) was used to ensure the test conditions were performed in different orders to control for the effects of spinal creep, physical activity and practice effects respectively. The subject's head position was kept stable with visual feedback via a monitor placed in front of them which they were required to focus on during each trial since Pope et al. [30] found that head motions can alter the transmission of vibration through the spine.
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Subjects adopted two unsupported flexed trunk positions (10 and 15, ± 2.5 degrees from vertical), two unsupported extended trunk positions (10 and 15, ± 2.5 degrees from vertical), and an unsupported neutral trunk position (0 ± 2.5 degrees from vertical) was also adopted (refer to Figure 3 ). For all trunk positions the subjects sat with their hands and forearms comfortably on their laps and were instructed not to "slouch" (a lumbar lordotic posture) in order to control for differences in seated posture amongst subjects. The angle between a line from the greater trochanter to the acromion process and a line perpendicular to the ground was used to measure the trunk angles. This angle was maintained with visual feedback about their position via a light emitting diode (LED) that turned off when the subject flexed or extended the trunk at too great an angle and a computer display of a graph tracked the subject's trunk position in real time. A custom goniometer ( Figure 1 ) was attached to the subject to measure the trunk angles and operate the LED. Subjects also adopted a flexed hip position (-10, 0, 10, and 20 degrees from the horizontal) for the leg position conditions (Figure 4 ). The hip angle was defined as the angle between the horizontal and a line from the greater trochanter to the lateral epicondyle. The different flexed hip angles were maintained by elevating the feet with wooden blocks to the appropriate level as measured via a goniometer. The extended hip posture was accomplished by removing the wooden blocks from beneath the subjects feet until the -10 degree position was observed.
The subjects underwent exposure to vibration for each of the 20 possible combinations of the levels of the trunk and leg conditions. Vibration exposure and response measurements were taken respectively from the seat pan ( Figure 5 ) and from an accelerometer mounted at the level of the head on the occipital crest with the aid of a special harness ( Figure 6 ) following basicentric guidelines.
All vibration signals were acquired in accordance with the 1997 ISO 2631-1 Standard for the general requirements of the evaluation of the human response to WBV. Measurements were taken for 30 seconds during each of the 20 test conditions with a 30 to 60 second break between each vibration exposure trial. The data collection sampling rate was set at 512Hz and 15360 points were collected per channel for the X, Y, and Z-axis at the seat and head. PCB Piezotronic triaxial seat pad accelerometer (with a 12cm diameter) used to determine the vibration exposure levels of the subjects (at the buttock/seat interface). Figure 6 . PCB triaxial accelerometer mounting on the head via a customized helmet harness.
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After the vibration exposure measurements were taken, girth measurements were conducted to determine the distribution of adipose content throughout the subject's trunk. Then the subjects underwent hydrostatic weighing in order to determine their overall adipose content. Both girth and hydrostatic weighing measurements followed procedures laid out by Adams [1] .
Data Analysis
The raw electrical signal provided by the accelerometers was first passed through a l/3-octave Butterworth filter. The data were low-pass filtered with a low-pass cutoff of 50Hz and high pass filtered with a high-pass cut-off of 0Hz, with a 2-pole cutoff. The cut-off frequencies of the filter were set at 1.5 times the frequency of interest [18] to ensure that the data range used for the study was not adversely affected by the filters. The vibration measurement window was set at 8194 points corresponding to a 0.063Hz step with 0% overlap and a Hanning filtering window was used.
The filtered signal was then assigned various standard weighting factors depending on the type of exposure. This study employed the ISO 2631-1 [18] health weightings for a seated individual (for the X and Y-axis the Wd weighting and multiplication factor k=1.4 was used, the Z-axis used a Wk weighting and multiplication factor k=l) to the filtered frequency data. These weightings were applied because the overall focus of the study was concerned with the health effects of vibration, and ISO 2631-1 [18] states that the weightings should be applied to assess the health effects of whole-body vibration exposure. After the signal processing was complete, a weighted RMS acceleration value (expressed in m/s 2 ) was calculated and used for statistical analysis.
A four-way 4x5x9x3 Repeated Factorial Analysis of Covariance design was used to analyse the data obtained (with leg position, trunk position, frequency, and axis being repeated measures). The dependent variable was the transmissibility of vibration obtained by dividing the RMS acceleration measured at the head by the RMS acceleration measured at the seat [34] . The transmissibility of the spine was calculated for all three axes and all ISO 1/3-octave bandwidth frequencies.
There were four independent variables of interest in the study. One of the independent variables was the basicentric axis with 3 levels (X Y and Z). The different frequencies which had 9 levels (3.15Hz to 20Hz for the one-third octave band frequencies) were another independent variable. Trunk position, which had 5 levels (15 and 10 degrees of flexion, neutral, 15 and 10 degrees of extension) and the leg position, which had 4 levels (-10, 0, 10 and a 20 degree angle between the thigh and seat pan were the other two independent variables.
Adipose content and girth measurements were also examined as covariates (or concomitant variables). This was to determine if these covariates had a significant relationship with transmissibility over any of the independent variable levels (a significant covariate was to be partialled out of the analysis).
All of the statistical analyses were performed with the aid of the SPSS statistical software Version 8.0. Preliminary data analysis was conducted to verify that statistical assumptions were satisfied. The preliminary analysis revealed that the data were positively skewed therefore square root transformations were conducted in order to normalize the data. For the normalized data, all statistical assumptions were satisfied. Significant main effects and interactions were determined with alpha set at 0.05. Significant post-hoc comparisons were determined with Bonferroni and t-test comparisons and with alphas adjusted for familywise error (by dividing alpha = 0.05 by the number of comparisons).
RESULTS
Effects of Adipose Content and Adipose Distribution
The percentage of body fat was calculated from the subject's underwater weight in order to determine if the body composition of the individual had a significant relationship with the transmission of vibration from the seat to the head. Adipose content from hydrostatic weighing was found not to be a significant covariate
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Robert J. Jack and Tammy Eger (F l,3 =0.096, p=0.777, Eta 2 =0.031), therefore adipose content did not have a significant relationship with the transmission of vibration from the seat to the head in this study. It should be noted however, that even though there was a good range in body fat percentages (11.94% to 25.33%) among subjects, none of the subjects was obese.
Girth measurements were also taken to see if the distribution of body fat had a relationship with vibration transmissibility (i.e., a larger gluteal girth would represent a higher concentration of adipose tissue in the gluteal region). In this study, none of the girth measurements were found to have a significant relationship with the transmission of vibration from the seat to the head (neck girth (F l,3 =0. Table I for mean girth and adipose values). Again, these findings may be due to the fact that the subjects had a limited range in their actual adipose and girth measurements.
Effects of Posture, Axis and Frequency
When looking at the transmissibility data pooled together for the leg and the trunk postures, neither the leg nor the trunk postures had a significant effect on the seattohead transmission of vibration. There was no significant difference in transmissibility between the 4 leg postures (F 3,12 =1.179, p=0.359, Eta 2 = 0.228), and there was no significant difference in transmissibility between the 5 trunk postures (F 4,16 =1.274, p=0.321, Eta 2 = 0.242).
However, there was a significant difference in transmissibility among the 9 frequencies tested (F 8,32 =3.687, p=0.004, Eta 2 = 0.480). Post-hoc analysis with Bonferroni comparisons conducted when a significant main effect was found revealed a significant difference in transmissibility between the frequency of 4Hz and 6.3Hz (p=0.009), where the 4Hz displayed the higher transmissibility values (average transmissibility of 1.06 compared to 0.68 for 4Hz and 6.3Hz respectively).
There was also a significant difference in transmissibility found when comparing only the 3 axes of exposure (F 2, 8 =27.014, p<0.001, Eta 2 = 0.871). Post-hoc analysis with Bonferroni comparisons revealed a significant difference in transmissibility between Z-axis and X-axis (p=0.027), as well as between the Z-axis and Y-axis (p=0.011) where the Z-axis had the highest transmissibility values. The average transmissibility values for the Z-, X-, and Y-axes were 1.36, 0.72, and 0.64 respectively.
There were also three significant interactions found. There was a significant interaction between trunk position and vibration axis (F 8, 32 =4.918,p=0.00l,Eta 2 = 0.551), between frequency and vibration axis (F l6, 64 =6.611, p<0.001, Eta 2 = 0.623), and there was a significant interaction between trunk position, frequency and axis of vibration (F 64, 256 =1.717,p=0.002,Eta 2 =0.300). These interactions can be observed in Figure 7 through Figure 14 . Figure 7 shows qualitatively (and not necessarily significantly) that with respect to the Z-axis, the 0, 10 and 15 degree flexion trunk postures behave similarly with a peak at l0Hz and a trough at 6.3Hz. The 0-degree trunk posture also displays a peak at 4Hz in the Z-axis where the 10 and 15-degree trunk postures do not. The -10 and -15 degree trunk postures also display similar transmissibility patterns in the Z-axis with a trough at 6.3Hz and a gradual rise in transmissibility that flattens out at l0Hz. In the Z-axis, the -15 degree extension trunk posture displays a peak at 4Hz but the -10 degree trunk posture does not (-15 degrees drops at 3.15Hz where -10 degrees does not). Figure 9 shows that all of the postures display the same frequency pattern or trend, across frequencies with peaks at 3.15Hz, 5Hz and 10Hz (except for the 10 degree flexion trunk posture which has a transmissibility peak at 12.5Hz instead of 10Hz) in the Y-axis. Also, when looking at the Y-axis, all trunk postures have a trough at 4Hz, 8Hz and 20Hz.
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Figures 10 through 14 compare the frequency patterns of transmissibility for all three axes with respect to each posture. All five figures show that the Z-axis has the highest transmissibilities except for 3.15Hz where the Y-axis displays the highest transmissibility. Also, for the 15 degree flexion and -10 degree extension trunk postures, the X-axis transmissibility is higher than the Z-axis transmissibility at 3 .1 5Hz, but the Y-axis still has the highest transmissibility at the 3.15Hz frequency. The overall, transmissibility levels were lowest at 6.3Hz regardless of posture for the Z axis. The X-and Y-axes also had low transmissibility values at 6.3Hz.
DISCUSSION
Overall, the present study found that when exposed to WBV while seated, the seatto-head transmissibility levels were lowest in the Z-axis at 6.3Hz regardless of posture. The X-and Y-axes also had low transmissibility values at 6.3Hz. Thus, a low vibration exposure level, where the dominant frequency of exposure occurs at 6.3Hz, appears to result in minimal health risk to the upper torso region of the worker. However, minimal vibration up the spine indicates that the energy is being absorbed at lower spinal levels. This absorbed energy could damage tissues in the lower region of the spine. Ideally the energy should be dissipated evenly throughout the spine and not be absorbed by or transmitted to one location.
In order to make recommendations with regards to seated WBV exposures, one needs to know how individuals actually sit while operating equipment. An anterior seated posture can be achieved by forward rotation of the pelvis with a straight spine or keeping the pelvis still and inducing a kyphosis of the spine. This keeps the center of trunk mass in front of the ischial tuberosities. A backward rotation of the pelvis and simultaneous kyphosis of the spine often obtain a posterior seated posture. This posture is the one that is typically used when one rests in a recliner or drives a vehicle [10] .
It is also important to note that even a resting fixed body posture can not be maintained indefinitely since sitting postures will change over time [7] . These posture changes are often the result of fatigue and may not even be apparent to the seated individual. Taimela et al. [36] found paraspinal muscle fatigue resulted in the impairment of an individual's ability to sense change in the position of the lumbar spine.
Muscle activity has been shown to increase with vibration exposure which induces muscular fatigue. Pope et al. [30] found that vibration exposure increased the EMG response, and Michida et al. [29] found that as individuals drove for an increasing amount of time, their subjective fatigue levels increased, and these increased levels of fatigue corresponded to increased muscle activity. An individual's posture while exposed to vibration can also affect the EMG response over time. Wilder et al. [39] found that L3 erector spinae muscle fatigue during a 10 minute simulated truck drive was greatest in an upright posture when compared to a forward lean posture and a posture where the subject was seated back against the backrest. Hansson et al. [16] vibrated subjects for 5 minutes while seated, and measured erector spinae EMG at the T7 and L3 level while subjects wore a 4 kg weight strapped to their chests and adopted a forward lean of 20 degrees (lumbar lordosis was kept and flexion occurred at the hip). They found that mean erector spinae EMG frequency decreased (fatigued) with time for both thoracic and lumbar levels and the decline was increased with WBV.
Posture can change with increased durations of vibration exposure. Rybiak [31] found that spinal posture remained relatively constant when exposed to WBV for a period of one hour. However, Rybiak [31] also found that exposure to greater vector sum acceleration levels were associated with greater flexion at the T4/T5, T8/T9, and knee joints. On the other hand, Michida et al. [29] found that the back had a tendency to round with time (the buttocks moved forward on the seat pan, the pelvis rotated backwards, the lumbar lordosis decreased, the thoracic kyphosis increased and the neck remained stable).
This study did not find posture to have any significant effect on the transmission of vibration from the seat to the head, but the 10 degree forward lean posture did display a low average transmissibility value (0.89). Thus it appears that a 10 degree forward lean posture may be a beneficial seated posture because it minimizes problems associated with vibration transmission from the seat to the head. However, a forward leaning posture can result in increased muscle activation [3] , which could lead to muscle fatigue, making such a posture impractical for most work applications.
The present study does have some limitations. The study was conducted with a small sample size, which decreases the power of the statistics when rejecting a null hypothesis [14] . Thus, where this study found no significant differences (i.e. the trunk and leg posture conditions) there could in fact be a significant difference if more subjects were used [21] . In contrast, the significant differences found do not appear to be influenced by the sample size as all significant results had large treatment effect sizes. The treatment effect sizes were analyzed using an Eta 2 statistic, which indicates the amount of variance in the dependent variable (seat-tohead vibration transmission) explained by the combinations of the independent variables (frequency, axis, trunk and leg posture) [20, 28] . Measuring the treatment effect in this manner provides an index for the degree of association between the various independent variables on the transmission of vibration from the seat to the head that is independent of the sample size [21, 28] . This study not only found significant seat-to-head vibration transmission differences between the 9 frequencies tested, the 3 axes of exposure, the interaction between trunk position and vibration axis, the interaction between frequency and vibration axis, and the interaction between trunk position, frequency and axis of vibration, but those combinations of independent variables also had a large treatment effect sizes (Eta 2 values greater than 0.25 [20] ). It is also worth noting that although no significant differences in seat-to-head vibration transmission were found for trunk and leg posture their Eta 2 values (0.242 and 0.228 respectively) explained a great deal of variance in the transmission of vibration from the seat to the head. In fact, both posture variables were approaching a large treatment effect. With the aforementioned in mind, the study was conducted to identify future research directions and although the results proved to be useful they should not be generalized.
Most available WBV data has been obtained from males, and consequently, conclusions are often only valid for males [33] . Therefore females should be included in future studies. Also, studies have shown that the dynamic responses of the seated body exposed to vertical vibration depend on the magnitude of the vibration input and therefore reflects a non-linearity in response [25] . Consequently, optimization of a vibration environment at one vibration magnitude may not be optimal at a different vibration magnitude, and it could be expected that these changes can influence the psychological, physiological and pathological responses to vibration [25] . Thus future studies should consider testing at different magnitudes of vibration exposure.
The use of lumbar support replaces the lordotic curvature when seated, and has been found to have a decreasing effect on intradiscal pressure, and myoelectric The Effects of Posture on Seat-to-Head Whole-Body Vibration Transmission activity of the posterior paraspinal muscles [2] . Thus lumbar support would be expected to reduce the transmission of vibration from the seat to the head. The present study was performed with unsupported trunk postures however, the use of back support in future studies is recommended.
Finally, the Wilder et al. [39] study had results that differed from the results of the present study. The differences between the studies are likely the result of differences in the postures adopted. The present study had subjects sit with their hands and forearms comfortably on their laps while Wilder et al. [39] had their subjects hands/arms elevated and placed on a steering wheel. It is recommended that future studies adopt a posture where the arms are elevated to a steering wheel position. With that said, the results of the present study would still apply to vehicles which are operated with a joystick control system.
CONCLUSION
Based on the results of this study, seat-to-head transmissibility was lowest when subjects adopted a 10 degree forward lean posture when exposed to 6.3Hz Z-axis vibration. However, a forward leaning posture may result in premature muscle fatigue if held for extended periods of time. Therefore future studies should consider a larger sample size, include female subjects and evaluate the influence of different back rests angles and elevated arm positions.
